Introduction {#s0005}
============

Discovered in the 19th century and identified to be responsible for the hydrolysis of urea to carbonic acid and ammonia (ureolysis) [@b0005], the first enzyme ever crystallized [@b0010], and the first enzyme ascertained to contain Ni(II) ions essential for the activity [@b0015], urease has been a subject of extensive research [@b0020], [@b0025], [@b0030], [@b0035]. This included structure and functions of the enzyme, kinetics and the catalytic mechanism, and more recently, amino acid sequencing, crystal structures, and genetic organization. In addition to gaining theoretical understanding of urease biochemistry, this knowledge is of key importance for controlling the processes occurring with the participation of the enzyme. These include both natural processes and those man-devised, in which the activity of the enzyme is exploited. The latter ones have emerged, as parallel to the theoretical research, the practical potential of ureases has been increasingly studied for various laboratory, biotechnological and engineering applications.

One example of novel engineering applications of urease is in biomineralization of calcium carbonate [@b0035], [@b0040], [@b0045], [@b0050], [@b0055], [@b0060], [@b0065], [@b0070], [@b0075], [@b0080], [@b0085], [@b0090]. Relying on the activity of urease, the process is termed *urease-aided CaCO~3~ mineralization* or exchangeably*, ureolysis-driven CaCO~3~ mineralization*. By mimicking CaCO~3~ bio-formation in nature, in contrast to typical synthetic techniques, the process can be performed in an environmentally benign manner under mild conditions and importantly, in field applications *in situ*. Accordingly, the process offers exciting innovative potential in multiple engineering fields, notably geotechnical, construction and environmental, where it is used as a means of biocementation and bioremediation [@b0040], [@b0045], [@b0050], [@b0055], [@b0060], [@b0065], [@b0070], [@b0075], [@b0080], [@b0085], for instance for the strengthening and consolidation of soil and sand, the protection and restoration of stone and concrete structures, conservation of stone cultural heritage materials, cleaning waste- and groundwater of toxic metals, radionuclides and excess soluble Ca^2+^, plugging oil reservoir bedrocks for the enhancement of oil recovery, and as a sealant in geologic CO~2~ sequestration.

In this context this article looks at the principles of urease-aided calcium carbonate mineralization and reviews its advantages and limitations compared to the conventional techniques presently in use. Further it presents areas of its applications and future perspectives.

Biomineralization {#s0010}
=================

Biomineralization is the formation of minerals by living organisms (typically to stiffen or harden the tissues). It is a widespread natural phenomenon that occurs in almost all groups of organisms from prokaryotes to humans. In the synthesis of minerals the organisms utilize different mechanisms, generally classified as active (type 1) and passive (type 2) [@b0040], [@b0050], [@b0055], [@b0070], [@b0080], [@b0095]:(1)biologically-controlled mineralization, where mineral formation, including their growth, composition, morphology and location, is entirely controlled by the cellular processes specific for a given organism,(2)biologically-induced mineralization, where the metabolic activity of an organism (e.g. bacteria) modifies the local environment, thus creating conditions favourable for mineral precipitation (typically with cell walls serving as crystal nucleation sites).

Frequently combinations of the above mechanisms are operative in biomineralization.

Notably, the processes involved in biomineralization provide stringent control from the nano- to macro-level over the composition, structure, size and morphology of biominerals, giving rise to materials of remarkable complexity, with strictly defined structures and with distinct properties that greatly contrast with those of geological minerals and often surpass those of synthetic analogues. Of importance, in contrast to biomineralization that typically occurs at ambient temperatures and under mild conditions, the chemical syntheses of minerals are frequently energy inefficient, requiring elevated temperatures and strong chemical solutions, and often producing noxious by-products. In this context, there is a growing interest in exploiting biomineralization in practical applications as an eco-friendly, energy-saving technique with a potential to be carried out *in situ*.

Biomineralization of calcium carbonate {#s0015}
======================================

Of all the minerals produced by biomineralization in nature, calcium carbonate (CaCO~3~) is a major product [@b0050], [@b0080], [@b0095]. Comprising more than 4% of the earth's crust, it is a common substance found in rocks, such as chalk, marble, travertine, tufa, and others. It is also the main component in shells as well as in pearls and corals. Having been utilized for ages as a building material, now also in different industries, agriculture and medicine, in addition to the newly emerging engineering field of biomineralization, calcium carbonate has always been one of the most useful and versatile materials known to man.

Calcium carbonate forms different polymorphs seen in nature as minerals. These include three anhydrous polymorphs: calcite, aragonite and vaterite, of which calcite is most stable, and two hydrated polymorphs: monohydrocalcite (CaCO~3~·H~2~O) and ikaite (CaCO~3~·6H~2~O), in addition to various amorphous phases (ACC).

The equilibrium of calcium carbonate precipitation follows the equation:$$\left. \text{Ca}^{2 +} + \text{CO}_{3}^{2 -}\rightleftarrows\text{CaCO}_{3}(\text{s})\quad K_{\text{sp}} = \lbrack\text{Ca}^{2 +}\rbrack\lbrack\text{CO}_{3}^{2 -}\rbrack \right.$$where *K*~sp~ is the solubility product constant, most commonly reported for calcite to be 4.8·10^−9^ [@b0050], [@b0060], [@b0075]. It follows from Eq. [(1)](#e0005){ref-type="disp-formula"} that CaCO~3~ precipitation occurs when the ion activity product \[Ca^2+^\] \[CO~3~^2−^\] exceeds the solubility product *K*~sp~.

Apart from the concentrations of (i) calcium ions and (ii) carbonate ions (Eq. [(1)](#e0005){ref-type="disp-formula"}), the precipitation of calcium carbonate relies on two more factors: (iii) the pH and (iv) the availability of crystal nucleation sites [@b0100]. The process requires alkaline pH as an indispensable condition to shift the bicarbonate equilibrium to form carbonate ions [@b0100]:$$\left. \text{HCO}_{3}^{-}\rightleftarrows\text{H}^{+} + \text{CO}_{3}^{2 -}\quad\text{p}K_{\text{a}2} = 10.3 \right.$$while nucleation sites facilitate the accumulation of calcium ions for the precipitation.

Microorganisms can secrete calcium carbonate in environments rich in Ca^2+^ by changing any of the above precipitation factors [@b0050], [@b0060], [@b0100], separately or in combinations, their primary role being in increasing pH. Even though the actual roles of bacteria and their activities in carbonate precipitation have not been precisely resolved, various biological pathways have been proposed for this precipitation. The pathways include [@b0100], [@b0105]:(1)photosynthesis associated with the activity of algae and cyanobacteria,(2)sulphate cycle, with the activity of sulphate reducing bacteria in dissimilatory sulphate reduction,(3)nitrogen cycle, including ammonification of amino acids, nitrate reduction and the hydrolysis of urea. These pathways have in common the production of CO~2~ and NH~3~.

Of all the above pathways, the method that is most widely utilized for the precipitation of CaCO~3~ for technical applications, is arguably the one based on the hydrolysis of urea. The reaction is catalyzed by the enzyme urease.

Urease {#s0020}
======

Urease (urea amidohydrolase, EC 3.5.1.5) is an enzyme widespread in nature [@b0020], [@b0025], [@b0030], [@b0035]. It is synthesized by numerous organisms, including plants, bacteria, algae, fungi and invertebrates, and also occurs in soils as a soil enzyme. The enzyme is counted among the most proficient enzymes known to date. All ureases are high molecular weight, multisubunit enzymes. Bacterial ureases differ from plant and fungal ones, typically homohexameric, in that they are composed of heteromeric subunits. Most importantly, irrespective of the source and structural composition, the salient feature of ureases is the active site that contains a bi-nickel centre with a characteristic structure found conserved among the enzymes. As a result, all ureases exert one catalytic function that is the hydrolysis of urea (Eq. [(3)](#e0015){ref-type="disp-formula"}) and follow the same catalytic mechanism. The products of the reaction and the resulting increase in pH of the reaction environment that can reach pH up to 9.2, are consequential characteristics of the action of ureases. These can be deleterious (medicine and agriculture) or beneficial (biomineralization of CaCO~3~).

Notwithstanding that urease has been extensively studied over the years, its catalytic mechanism still remains debatable [@b0035], [@b0110], [@b0115], [@b0120]. Its elucidation is crucial for the efficacious use of the enzyme and for the control of its activity. One way to achieve this control is by using inhibitors [@b0025], [@b0125], [@b0130], [@b0135], [@b0140], the primary among them being: amides and esters of phosphoric acid [@b0110], [@b0145], [@b0150], thiols [@b0150], [@b0155], [@b0160], hydroxamic acids [@b0145], [@b0150], [@b0165], [@b0170], phosphinic and thiophosphinic acids [@b0175], boric acid [@b0145], [@b0160], [@b0180], phosphate [@b0150], [@b0160], [@b0185], [@b0190], heavy metal ions [@b0195], [@b0200], bismuth compounds [@b0205], quinones [@b0210], [@b0215], [@b0220], and fluoride [@b0145], [@b0225].

Another way of controlling the action of urease is by immobilizing the enzyme [@b0230]. The immobilization consists of converting enzymes into insoluble form, most frequently by fixing them to or within solid supports, as a result of which enzyme systems are obtained, where structures of enzymes, hence their activities, are stabilized. Despite the fact that upon immobilization the kinetic properties of enzymes may be worsened, their stabilities, operational lifetimes and sensitivities to inhibitions [@b0170], [@b0230], [@b0235] are improved, thus providing robust and reliable enzyme preparations.

Urease-aided calcium carbonate mineralization {#s0025}
=============================================

The process of urease-aided calcium carbonate mineralization is triggered by the catalytic action of urease in the hydrolysis of urea [@b0040], [@b0050], [@b0055], [@b0060], [@b0065], [@b0070], [@b0075], [@b0080], [@b0085], [@b0090], [@b0240], [@b0245]. The products of the reaction are carbonic acid and ammonia [@b0025]:$$\text{H}_{2}\text{N-CO-NH}_{2} + 2\text{H}_{2}\text{O}\overset{\text{urease}}{\rightarrow}\text{H}_{2}\text{CO}_{3} + 2\text{NH}_{3}$$

The products equilibrate in water to give bicarbonate, ammonium and hydroxide ions, respectively:$$\left. \text{H}_{2}\text{CO}_{3}\rightleftarrows\text{HCO}_{3}^{-} + \text{H}^{+} \right.$$$$\left. \text{NH}_{3} + \text{H}_{2}\text{O}\rightleftarrows\text{NH}_{4}^{+} + \text{OH}^{-} \right.$$

The production of hydroxide ions from reaction (5) brings about an increase in pH, which in turn leads to the formation of carbonate ions (Eq. [(2)](#e0010){ref-type="disp-formula"}):$$\left. \text{HCO}_{3}^{-} + \text{OH}^{-}\rightleftarrows\text{CO}_{3}^{2 -} + \text{H}_{2}\text{O} \right.$$

In the presence of dissolved Ca^2+^, the ions combine and calcium carbonate precipitates:$$\left. \text{Ca}^{2 +} + \text{CO}_{3}^{2 -}\rightarrow\text{CaCO}_{3}(\text{s}) \right.$$

The overall process can thus be presented:$$\text{H}_{2}\text{N-CO-NH}_{2} + 2\text{H}_{2}\text{O} + \text{Ca}^{2 +}\overset{\text{urease}}{\rightarrow}2\text{NH}_{4}^{+} + \text{CaCO}_{3}(\text{s})$$

As shown the precipitation process takes advantage of the supply of carbonate ions derived from urea hydrolysis and of an increase in pH generated by the reaction. If the process is carried out with use of ureolytic bacteria, in addition to the bulk phase, most commonly the crystallization takes place on bacterial cell walls, which serve as crystal nucleation sites. This is because the cell walls possess negatively charged functional groups and attract and bind Ca^2+^ ions, resulting in their deposition and accumulation. Consequently, carbonate crystals grow on the external surfaces of cells by successive stratification with the cells finally encased within [@b0050], [@b0245]. In such a case Eq. [(7)](#e0035){ref-type="disp-formula"} should be expressed as:$$\left. \text{Cell} - \text{Ca}^{2 +} + \text{CO}_{3}^{2 -}\rightarrow\text{Cell} - \text{CaCO}_{3}(\text{s}) \right.$$

Urease-aided calcium carbonate mineralization has proved to be a rapid process capable of producing large quantities of CaCO~3~ in short periods of time [@b0040], [@b0050], [@b0055], [@b0060], [@b0065], [@b0070], [@b0075], [@b0080], [@b0085], [@b0090], [@b0240], [@b0245]. In terms of biological mechanisms on the other hand, with the reaction scheme presented above it classifies as representing biologically-induced mineralization (type 2).

Procedures {#s0030}
----------

To perform the precipitation of CaCO~3~ in real sites, the aqueous mixture of the three mineralization components, i.e. the ureolytic agent (ureolytic bacteria or free urease), urea and Ca^2+^, is introduced to the setting where the intended precipitation is to take place, be it (i) granular materials, such as soil or sand to be consolidated (by binding the grains together), (ii) stone and concrete structures to be repaired (by filling pores, cracks and fissures), (iii) their surfaces to be covered with a protective layer, or (iv) rock formations to be plugged up (by filling pores). The three components of the mineralization mixture may be introduced to the material in different order to achieve the desired effects. For instance, the application of the bacteria, urea and Ca^2+^ mixed together prior to the injection to the material, most commonly gives rise to immediate flocculation of bacteria and crystal precipitation. This results in clogging the surface pores, making deeper layers of the material inaccessible to the mineralization mixture. While this technique is effective in the formation of surface layers and in the treatment of very coarse grained materials and mixed-in-place applications [@b0250], it is not adequate for homogeneous distribution of CaCO~3~ over larger distances in the material. To accomplish such homogenous precipitation, a two-phase injection procedure was developed [@b0255], [@b0260]. In the procedure a mixture of bacteria and nutrients is firstly injected into the material, immediately followed by a fixation solution (i.e. a solution with high salt concentration). The fixation solution is applied to control the distribution of cells on grains to assure their in-depth penetration and uniform attachment. Finally, this stage is followed by the injection of urea-Ca^2+^ solution to effectuate the precipitation. When sufficient calcium carbonate is precipitated, durable stabilization of the material is achieved.

Ureolytic bacteria vs. free urease {#s0035}
----------------------------------

As an ureolytic agent, the process uses either urease-producing bacteria [@b0040], [@b0045], [@b0050], [@b0055], [@b0060], [@b0065], [@b0070], [@b0075], [@b0080], [@b0085] or purified enzyme [@b0090]. The most common bacterium utilized is arguably the soil bacterium *Sporosarcina pasteurii* (formerly *Bacillus pasteurii*) [@b0245], [@b0255], [@b0260], [@b0265], [@b0270], [@b0275], [@b0280], [@b0285], [@b0290], [@b0295], [@b0300], [@b0305], while the purified enzyme is that extracted from plant sources, mainly from jack bean (*Canavalia ensiformis*) [@b0310], [@b0315], [@b0320], [@b0325], [@b0330], [@b0335], [@b0340], [@b0345].

Although the microbial precipitation has received the most attention and is most advanced in terms of development for field applications, the use of the enzyme offers a number of advantages. Unlike microbial, the enzymatic process is more straightforward in that the growth and the storage of bacteria are avoided. Normally, the production of highly active ureolytic bacteria on larger scale is expensive, representing a major cost factor in the precipitation process [@b0350], whereas the enzyme is obtainable from plants in a relatively simple process, also crude plant extracts can be used [@b0340], in addition to the fact that, though costly, the enzyme is available commercially.

Furthermore, in the efficiency of the process decisive is the size of the molecules. The size of plant urease molecule is ca. 12 nm [@b0355], whereas that of most bacteria is higher than 0.3 μm, with the majority in the range from 0.5 to 5 μm [@b0090], [@b0360]. The small size of the molecule compared to the bacteria permits a considerably easier and more efficient penetration of urease into the small pores in the material and besides, allows urease, urea and Ca^2+^ to be used together in the injection solution [@b0320]. By contrast, being unable to enter pore throats smaller than ca. 0.4 μm, the bacteria commonly remain on the surface of the material giving rise to the formation of a superficial film consisting of biological remains (surface bioplugging), resulting in an adverse effect that prevents the access of the mineralizing mixture deeper in the material [@b0090], [@b0240], [@b0360].

The choice between free urease and bacteria is also important in respect of the activity. On this point it was observed that the enzymatic mineralization resulted in higher quantities of the precipitated CaCO~3~ compared to the corresponding bacteria, an effect that was ascribed to the inhibition of the bacterial activity by high concentrations of urea and/or calcium chloride [@b0315] and to the encasement of bacterial cells in the precipitate resulting in the limited nutrient transport to the cells and/or cell membrane disruption [@b0040], [@b0245]. In practical terms, the activity of the free enzyme during the process can be affected and/or controlled by inhibitors [@b0025], [@b0280], while its longevity may be extended and the resistance to inhibitions enhanced when an immobilized form of the enzyme is used [@b0280].

Another aspect of consequential importance is that unlike bacteria, the free enzyme is short-lived. This is beneficial in that the enzyme naturally degrades, thereby eliminating long term effects on the ecosystem, while ureolytic bacteria may remain active after the process thereby posing a risk of uncontrolled bacterial growth and biofilm formation [@b0365], [@b0370]. In relation to the above, it was also observed that in the case of bacterially formed CaCO~3~, the precipitated mass inside the material consisted not only of CaCO~3~ but also of biomass, this by being degradable impaired the durability of the formed material [@b0310], [@b0315].

Process parameters {#s0040}
------------------

The parameters that have influence on the course of the precipitation process and its efficacy, primarily include the concentration of bacteria/urease and the concentrations of urea and Ca^2+^, in addition to environmental parameters, such as temperature and salinity [@b0240], [@b0275], [@b0310], [@b0315], [@b0345]. It was found that an increase in urease concentration enhanced the rate of CaCO~3~ precipitation [@b0310], [@b0315], while increases in urea and Ca^2+^ concentrations increased the quantity of precipitated CaCO~3~, however, only up to a certain level [@b0240], [@b0275], [@b0310], [@b0315], [@b0345]. In this regard, it appeared that for a given concentration of cells/urease there exist the optimal urea and Ca^2+^ concentrations, above which the beneficial effects for the precipitation are counterbalanced by the detrimental effects, i.e. accumulation of salts and urea in the material [@b0240], [@b0310]. By contrast, temperature was found to increase the rate of CaCO~3~ precipitation in the enzymatic process, and practically to have no influence on the bacterial process [@b0310], [@b0315].

By-products {#s0045}
-----------

Independent of whether the precipitation is performed with use of bacteria or the free enzyme, the process produces the same by-products. One is the ammonium ion NH~4~^+^ resulting from the hydrolysis of urea (Eqs. [(3)](#e0015){ref-type="disp-formula"}, [(5)](#e0025){ref-type="disp-formula"}). The ion poses ecological risk that includes NH~3~ toxicity to humans and acidification arising from NH~3~ nitrification, in addition to stone discoloration [@b0060], [@b0070], [@b0075], [@b0240], [@b0265]. These effects, however, can be minimized by using balanced low urea concentrations in the process or by applying additional decontamination after the process [@b0045], [@b0060]. The other by-product is an anion remaining from the calcium salt applied. CaCl~2~ is the salt of choice both in laboratory mineralization experiments and in real sites [@b0240], [@b0245], [@b0255], [@b0260], [@b0265], [@b0285], [@b0290], [@b0310], [@b0315], [@b0320], [@b0325], [@b0330], [@b0335], [@b0340], [@b0360]. Indeed, CaCl~2~ was shown to promote the precipitation of CaCO~3~ in markedly higher quantities than Ca(NO~3~)~2~, Ca(OH)~2~ and (CH~3~COO)~2~Ca [@b0345], [@b0375]. However, the choice of salt for a given applications should be careful in that some anions may be detrimental for the treated material, e.g. Cl^−^ ions for the steel reinforcement in concrete, a case for which calcium acetate was suggested [@b0060].

CaCO~3~ polymorphs {#s0050}
------------------

Interestingly, the formation of different polymorphs of calcium carbonate was observed in the process depending on the type of urease and reaction conditions. For instance, it was reported that urease from jack bean provoked the formation of calcite, while that from *Sporosarcina pasteurii*, vaterite [@b0335]. Also, when the solution was unstirred jack bean urease produced an amorphous precipitate that crystallized to vaterite and later to calcite [@b0330]. By contrast, in the processes driven bacterially by *Sporosarcina pasteurii*, it was calcite that was typically obtained [@b0245], [@b0275], [@b0285], [@b0290]. Despite extensive research, the origin of polymorph selection during CaCO~3~ biomineralization has not as yet been resolved [@b0050], [@b0095], [@b0380].

Given the above presented characteristics, for the implementation of the urease-aided CaCO~3~ mineralization in a commercial application, all beneficial and detrimental effects of whether a bacterium or the free enzyme is chosen, whether the mineralization components are used together or separately in a sequence, whether in lower or higher concentrations, have to be weighed taking into account all relevant aspects, health and environmental included, in addition to obvious economic viability. To date, urease-aided mineralization procedures are mostly under research and optimization, but some have proved economic and have been implemented. A selection of existing and potential applications of urease-aided calcium carbonate mineralization is presented in a subsequent section.

Applications of urease aided-calcium carbonate mineralization {#s0055}
=============================================================

Improvements of soil and sand (strengthening and consolidation) {#s0060}
---------------------------------------------------------------

Mechanical properties of soils are a resultant of natural conditions, erosion and human interventions. Frequently the properties are insufficient for the desired use of land, especially to meet today's ever-increasing demands in the area of civil engineering infrastructure [@b0050], [@b0065], [@b0070], [@b0260]. This requires improvement of soils, mainly their strength and stiffness as well as volume stability, permeability and durability, done through strengthening and consolidation. Various techniques are presently available, including drainage, densification and vibration techniques, sand or stone columns, and chemical grouting, all of them known to be energy-consuming [@b0045], [@b0320]. Among these techniques chemical grouting is most common. In the technique, the soil is injected with a hardening fluid grout, which once in the soil, solidifies filling spaces between soil grains simultaneously acting as a grain binder. Examples of fluid grouts include cement, bentonite, lignosulfonates, silicate, epoxy, acrylamide and polyurethane. Effective as it is, chemical grouting raises serious economic and environmental concerns. Among other techniques, it is reckoned as one of most expensive. By contrast, the environmental concerns it causes, involve the adverse impacts, such as excessive reduction of soil permeability, as well as the disturbance of the ecosystem by both the toxic/hazardous character of the chemical grouts (except silicates) and by a considerable increase in pH of groundwater [@b0045], [@b0065], [@b0320]. Additionally, cement, the chief grout, is a problematic substance in that its production worldwide accounts for as much as ca. 5% of global anthropogenic CO~2~ emissions and to ca. 5% of the total industrial energy consumption [@b0385].

In this context, to address the sustainability considerations, the established techniques of the strengthening and consolidation of soil and sand need to be either replaced or supplemented by novel materials and eco-friendly practices. The ureolysis-driven carbonate precipitation is an obvious alternative [@b0040], [@b0045], [@b0050], [@b0055], [@b0065], [@b0070], [@b0085], where CaCO~3~ precipitated *in situ* in soil/sand takes a role of a binding medium ([Fig. 1](#f0005){ref-type="fig"}), rightly termed biocement or biogrout. Numerous laboratory experiments and attempts to upscale the process [@b0255], [@b0260], [@b0265], [@b0315], [@b0320], [@b0345], [@b0360] demonstrated that a significant improvement of soil/sand strength can be achieved on demand, crucially, with a control of soil permeability. The research suggests that the process can address a wide variety of geotechnical problems, including erosion and scour, slope stability, the bearing capacity of soil for foundations and constructions, tunnelling, under-seepage of levees, and liquefiable soils in areas prone to earthquakes [@b0040], [@b0045], [@b0050], [@b0065], [@b0085]. Other promising applications involve constructing subsurface barriers to prevent the intrusion of salt water to freshwater aquifers, sealing ponds/reservoirs with a crust to control seepage into underlying soil, and finally treatments to suppress dust [@b0040], [@b0065], [@b0085]. Noteworthily, all soil grouting treatments are hindered by the limited in-depth access of the grout. In general, chemical grouting is effective up to 1--2 m from the injection point [@b0065], whereas for the biogrouting it was shown in a laboratory test that it was possible to precipitate CaCO~3~ at a distance of 5 m from the injection point [@b0255].Fig. 1Schematic representation of soil/sand biogrouting with CaCO~3.~

Interestingly, chemical grouting and biogrouting differ significantly in terms of costs. The costs of the raw materials for the chemical grouting were evaluated to be in the range 2--72 USD/m^3^ of soil, whereas those for the biogrouting, in cases where cheap waste materials were used as bacterial nutrients, in the range 0.5--9 USD/m^3^ of soil [@b0085], the injection costs being approximately the same for the two techniques. Thus, in addition to sustainability issues, cost effectiveness, if cheap nutrients are used, may be another factor that argues in favour of the implementation of CaCO~3~ biogrouting in place of chemical grouting [@b0085].

Protection and restoration of construction materials (deposition and cementation) {#s0065}
---------------------------------------------------------------------------------

Construction (building) materials undergo progressive deterioration due to physical, chemical and biological weathering [@b0060], [@b0075], [@b0250], [@b0365], [@b0390]. Disadvantageously, the process has today been tremendously accelerated by atmospheric pollution, products of the burning of fossil fuels (sulphur and nitrogen oxides) in particular. The weathering factors induce an ongoing dissolution of the mineral components of the material. This increases the porosity of the material, which in turn results in the weakening of the stability and durability of the construction, be it a building or a statue, made of calcareous materials (limestone, marble), bricks or concrete. Several chemical treatments are in use to protect and restore the materials [@b0060], [@b0365]. While water repellents are employed to protect the surfaces of the materials from the intrusion of water and other weathering agents carried therewith, pollutants included, consolidants (cementing or hardening agents) are aimed to strengthen their inner structures. Yet neither of the treatments has been recognized as fully satisfactory. Organic treatments, performed e.g. with acrylic or epoxy resins, when applied for the formation of surface layers frequently develop incompatible and harmful surface films, and when applied for cementation yield pore fillings with mechanical and thermal expansion properties different from those of the material. Additionally, the use of large amounts of organic solvents contributes to pollution. By contrast, inorganic treatments, such as the lime-water technique applied to produce CaCO~3~ cementation with use of Ca(OH)~2~ solution, end in the formation of fragile and ineffectual crusts. The treatments also suffer from irreversibility and limited durability [@b0060], [@b0365].

In response to these circumstances, ureolysis-driven CaCO~3~ formation has been widely studied mainly for the deposition ([Fig. 2](#f0010){ref-type="fig"}), also for the cementation, and has been implemented in real sites, especially in the sector of the restoration of cultural heritage for the conservation of historic stoneworks.Fig. 2Schematic representation of biodeposition of CaCO~3~ layer on the porous surface of a construction material.

A construction material that is especially befitted for this treatment is limestone [@b0060], [@b0250], [@b0365], [@b0370], [@b0395]. This is because the restoring agent is the same mineral product as the substrate it is applied to, importantly, obtained by mimicking the natural process responsible for calcareous stone formation. This warrants the excellent compatibility of the two materials and the fixation of the newly formed CaCO~3~ crystals on the outer and inner surfaces of the stone. Since its first real-site application in 1993 in Thouars, France, on the tower of Saint Médard Church [@b0060], several procedures for the bio-based restoration of limestone have been developed by various academic institutions, such as the University of Nantes (France)-Historic Monuments Research Laboratory-Calcite Bioconcept [@b0250], the University of Granada (Spain) [@b0365], the University of Ghent (Belgium) [@b0395] as well as the Biobrush consortium (UK) [@b0060]. The developed procedures, optimized experimentally with use of different limestone samples in different conditions, have been mainly implemented for the biodeposition of the protective layers on building facades, of historic monuments in particular. Until now, the biodeposition treatments have been most commonly applied in France on several historic monuments across the country [@b0060].

Another prospective application of biocementation is that applied to restore cementitious materials, i.e. concrete and mortar [@b0400], [@b0405], [@b0410], [@b0415], [@b0420]. Cheap, easily available and convenient to cast, they are one of the most common man-made building materials worldwide, however, highly susceptible to weathering and cracking. Resulting from aging and freeze/thaw cycles, cracks and fissures in concrete are detrimental, as they allow penetration of water and ions, particularly chloride and acids, an effect that leads to corrosion of reinforcing steel. Importantly, in the biocementing of concrete care must be taken to protect the activity of bacteria/free urease from the high pH characteristic of cement, reaching the values ca. 11--13. One way to accomplish this protection is by using the immobilized bacteria/urease [@b0280]. Also to avoid the impact of Cl^−^ ions, the use of calcium acetate was advised [@b0040], [@b0400]. Incidentally, in the successful biodeposition of CaCO~3~, the observed thicknesses of the deposited layers were 2--5 μm on limestone [@b0060], [@b0250] and 10--40 μm on concrete [@b0060].

The estimated total costs of biodeposition treatments comprising both the price of the raw materials (bacteria 2.2--3.3 €/m^2^; nutrients 7--15 €/m^2^ (ca. 80% of the raw materials costs)) and the number of applications, amount typically to 23--28 €/m^2^ and to 35--40 €/m^2^ for heavily degraded surfaces [@b0060]. Given these data, the biodeposition treatments have been judged to be unable to outcompete the traditional surface treatments [@b0060]. However, as in the case of biogrouting, if the costs of nutrients could be lowered, e.g. by using corn steep liquor (with the price 1.5 €/L compared to the standard nutrient 180 €/kg) [@b0410], the costs of the raw materials could be radically reduced, indicating the substantial economization of the process.

Remediation of groundwater (removal of toxic metals, radionuclides and excess Ca^2+^) {#s0070}
-------------------------------------------------------------------------------------

Contamination of the environment with toxic metals and radionuclides constitute a serious hazard to human health and the environment. The presence of toxic metals in soil and groundwater, arsenic, copper, chromium, cadmium, mercury, lead and others, derives from various industries, mining and smelting in particular. Conventional remediation methods include phytoremediation, on-site chemical leaching of contaminants from soil, or bioremediation with toxic metal-tolerant bacteria [@b0040], [@b0050], [@b0055], [@b0080], in addition to physico-chemical methods, such as chemical precipitation, evaporation, adsorption, ion exchange and membrane separation [@b0055]. All these treatments are judged expensive and insufficient for long terms [@b0040], [@b0050], [@b0055], [@b0080]. Likewise, the traditional methods using *pump and treat* for the removal of radionuclides, e.g. ^90^Sr^2+^, UO~2~^2+^, ^60^Co^2+^, have been found ineffective [@b0040], [@b0050], [@b0055], [@b0080].

In this situation, urease-induced CaCO~3~ biomineralization was proposed for an effective and eco-friendly water clean-up of toxic metals and radionuclides through solid-phase capture [@b0040], [@b0050], [@b0055], [@b0080], [@b0285]. Basically, the biomineralization of these metals consists of a competitive co-precipitation, in which the cations are incorporated into the CaCO~3~ lattice by substituting Ca^2+^ ions. This incorporation immobilizes the ions within the calcite structure thereby slowing their transport in the environment. However attractive, the process can be seriously hindered by the inactivating effect of heavy metal ions and other substances present in waters, on the activity of bacteria/free urease [@b0195], [@b0200], the use of immobilized urease being a solution to this problem [@b0170], [@b0235], [@b0425], [@b0430], [@b0435].

The ureolytic biomineralization of CaCO~3~ was also explored for the removal of calcium from calcium-rich wastewater (500--1500 mg/L) [@b0440]. Resulting from industries, such as paper recycling, bone processing and citric acid production, this condition provokes excessive precipitation of calcium salts, causing severe scaling in pipelines and reactors.

Sealing/plugging geological formations (geologic CO~2~ sequestration; secondary oil recovery) {#s0075}
---------------------------------------------------------------------------------------------

Geologic CO~2~ sequestration, also termed carbon capture and storage, is a process aimed at mitigating the release of CO~2~ into the atmosphere to resolve the contribution of fossil fuel emissions to global warming and ocean acidification [@b0295], [@b0300], [@b0305]. In the process, waste CO~2~ is captured from large point sources, e.g. fossil fuel power plants, compressed to a supercritical fluid and transported to a place of storage, where it is injected underground, typically ca. 1 km, into the formations, such as depleted oil and gas reservoirs, saline aquifers or un-minable coal beds, where it is trapped in pores and spaces in the rock structure. The site chosen for CO~2~ storage ideally should have the structure with high porosity and permeability; however, to prevent the leakage of CO~2~ it must be capped by a layer with low permeability (cap rock), which acts as a seal. Also the installations and the cementing materials need to be gas-tight. It is in this context that ureolysis-driven CaCO~3~ precipitation was proposed and studied to be employed *in situ* as a sealant for treating fractures and high permeability areas in cap rocks, well bore cement and installations [@b0295], [@b0305]. Besides, it is seen as a potential means to enhance the durability of CO~2~ storage by inducing the transformation of CO~2~ into a solid carbonate phase [@b0300]. Importantly for this application, it was shown that neither *Sporosarcina pasteurii* [@b0445] nor the free enzyme [@b0115] had their activities incapacitated by the pressure and temperature conditions corresponding to the CO~2~ storage sites (P \> 8.9 MPa, T ≥ 32 °C) [@b0295], [@b0445].

Another special application of CaCO~3~ bio-precipitation in the management of geological formations, is the selective plugging of oil reservoir bedrocks. The plugging is done for enhancing secondary oil recovery [@b0310], [@b0315]. This is because the secondary oil recovery is performed with water flooding, and to enable water to reach oil in the small pores of bedrocks, the bigger ones, from which oil has been already recovered by primary oil production, have to be blocked.

Other applications {#s0080}
------------------

In addition to the presented applications, the bio-process of Ca-carbonate formation has been also considered for other purposes. For instance, the formation of CaCO~3~ coating to encapsulate polychlorinated biphenyls (PCB) was proposed as a means to clean concrete surfaces contaminated with PCB-containing oil [@b0450]. Other potential innovative applications were envisaged for the bacterially-synthesized fluorescent calcite as a filler in rubber and plastics, fluorescent particles in stationery ink, and a fluorescent marker for biochemistry applications [@b0455]. Further to that, there are also novel concepts to exploit CaCO~3~ biomineralization in producing low energy building materials and in dealing with their industrial by-products [@b0050].

Conclusions and future perspectives {#s0085}
===================================

The concept of using urease-aided calcium carbonate mineralization as a strengthening, consolidating or sealing/plugging technique, represents a promising development in the processes of remediation, cementation and deposition, employed in various engineering fields, notably geotechnical, construction and environmental, also importantly in the conservation of historic stone cultural heritage. The significance of the technique as compared to the present conventional techniques, lies in several facts. (i) The technique avoids using polymers and resins as cementing agents, which are alien to the materials they are applied to in respect of mechanical and thermal properties, (ii) it avoids using organic solvents, (iii) both the cementing agents and the solvents applied may be toxic/harmful to the environment, and finally, (iv) it avoids using cement, a material whose production greatly contributes to the emission of CO~2~, Quite to the contrary, (v) the technique employs aqueous mixtures of the reacting components (ureolytic bacteria/free urease, urea and Ca salt), (vi) the cementing agent is CaCO~3~, the natural mineral perfectly compatible with the materials under treatment, (vii) the cementing agent is not mechanically injected to the material, but formed *in situ* inside the material following the same reaction scheme as in nature, (viii) the process is carried through in mild conditions. These facts classify the technique as an environmentally-friendly and sustainability-promoting approach to geotechnical and construction engineering applications.

Advantageous as it is, the urease-based technique also features several limitations. These include: (i) the production of by-products: ammonia and an anion (most commonly Cl^−^), both being harmful, the former for health and the environment, the latter for the treated materials, (ii) the longevity of bacteria implanted into the materials that may evolve into biofilm, (iii) limited reliability of the catalytic action of bacteria/urease, deriving from their susceptibility to inhibitions, (iv) limited cost effectiveness brought in mainly by the bacterial nutrients, (v) the complexity of the process that relies on multiplicity of bio-, chem- and geo-parameters, all of them difficult for comprehensive modelling.

Already in use in the protection of historic buildings, in many respects the technique remains under laboratory experimentation. To become fully implementable as a reliable, functional and economic technique, it still needs much exploration involving the resolution of the limitations, the parametrical optimization, and importantly, up-scaling and life-size field experiments. These, as an interdisciplinary effort of geologists, microbiologists, chemists and biochemists, civil engineers and conservators of historic monuments, will finally bring this environmentally safe, energy-saving and convenient technology from laboratory to field applications, and will advance this innovative branch of engineering to commercial scale.
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